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1. INTRODUCTION

1.1. STATEMENT OF THE PROBLEM

- =.-z--The - flow---0of fluid about_a solid body can be separated

into two regimes: a thin layer of fluid adjacent to the body

surface where friction is the dominant phenomenon,and the
region outside the thin layer where the fluid Can be treated
as inviscid. The thin layer adjacent to the body surface is
called the velocity boundary layer. The thickness of the
boundarytlayeryé\;“*increases along the body in a downstream
direction.-- Inside the boundary layer-the flow is retarded

because of friction with the solid surface and it forms a

velocity profile that varies smoothly from zero at the wall

‘to-the undisturbed free stream-velocity Ug. The reduction of

skin friction drag between a solid surface and a moving fluid
can greatly improve the performance of many vehicles or fluid
machinery.

Boundary layer development over a flat plate can be
separated 1into three regions. A laminar region starts from
the flat plate leading edge and forms a Blassius Qelocity
profile where the velocity fluctuations are negligible.
Further downstream the flow undergoes transition to turbulent
flow [1] where the velocity inside the boundary 1layer
exhibits irregular velocity fluctuations. The value of the
Reynolds number,Re,, can provide an estimate of the laminar,

transition and turbulent regions. The skin friction



coefficient for the laminar region of a boundary 1layer is
smaller than that for the turbﬁlent region. The most popular
approach in wall friction drag reduction therefore has been
tgwattempt_to-delay_Mthemtransition;irom_laminar to fﬁrbulent
flow [2] and maintain the laminar skin friction coefficient
for as long as possible. Most practical flows are, however,
turbulent and at 1large Reynolds numbers 2all flows will
eventually undergo transition to furbulence. The main objebt
of the folldwing'investigation is to reduce the skin friction
drag.of.a»tﬁrbulent boundary layer by altering its structure
[3].

Visual investigation of turbulent boundary layers have

shown them to contain at least three distinct types of eddy

-;structure (figure 1) :

i. Large eddies which dominate the outer region of the
boundary layer and have an average length of
approximately 1.6 5 [4]

ii. Typical eddies having a typical length of 200 wall
units,y*, are encountered throughout the turbulent
boundary layer [5].

iii. Well organized motions in the laminar sublayer can
form 1low speed streaks [6].

The large scale eddies have an average axial length
of about 1.6§ [4] and cause a peak velocity fluctuation of
the order of 0.2U, where U, is the external velocity. The

large scale structures are convected downstream with an
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average velocity Uc=0.93U, [7], and appear semi-periodically

U
2.1;)6 [81.

These large scale structures have a limited life span. They

with an average frequency of appearance f=

fdecay~afterstraveringca“distance~o£-about*10c9and lose " their

coherence after about 45 [9]. Large eddies are associated

with the production of turbulent energy and the production of

. Reynolds stress 1pu'v',a1though the exact mechanism 1linking

them to the sublayer skin friction producing phenomena is
still wunclear [4,6,9]. The reason for this is the lack of

comprehensive experimental - data in "~ the 1laminar sublayer.

‘Consequently, ~‘manipulation  of the turbulent boundary layer

structure could lead to reduced skin friction as described in

the following sections.
1.2. HISTORICAL REVIEW

Early boundary layer manipulation [10] was performed by
positioning mesh screens of height approximately equal to (5\
inside the boundary layer. This resulted in the destruction
of the large eddies and a skin friction drag reduction of 50
percent extending a distance of 1004 to 1508 downstream of
the mesh screens. The drag of the device 1itself was
excessive. Pursuing the same goal of eliminating the 1large
eddies, Hefner et al [11] mounted horizontal and vertical
plates of various shapes and sizes inside the boundary layer.
These plates or elements interacted with and modified the

large eddies, interrupting the turbulence production. The



reduction of the wall skin friction was attributed partially
to the alteration of the outer turbulencs scale. An avarags
of 24 percent drag reduction for a distance of 45 device
=z o=z -helghts-  -was measured but-no net-drag reduction was obsarved.
A study utilizing four parallel plate manipulators emba24d=243
inside the boundary layer was performed by Corke.et al [12].
This method Qas effectivé in removing the 1largs scale
structures and a 30 percent skin friction drag r=duction was
documented at a distance of 708 downstreaa. Flow
"= ~-visualization recorded the brzaking up of the large eddies by
-t -the Vparallel'plates-whibh-resultea in- a- thinner manipulatsad
boundary layer, The strzamwis2 turbulence intensity closz to
the wall of the manipulated boundary layer wés found to be
reduced. No nst drag reduction was measured. 1In order to
improve upon the net drag reduction Corks et al [13] mounted
a pair of tandsam flat plates within the boundary layer. They
measured a 20 percant net drag raduction at some locations.
The local skin friction drag coefficient did not relax to
that of the undisturbsd flow until a distance of 606: Thay
also identified the possible mechanisms 1leading to such
rasults as the suppression of the normal vzlocity component
of the large eddies by the manipulators and ths
redistribution of the turbulent kinetic energy by ths blade
wake. Bertelrud et al [14] used thin transverse ribbons in
tandam for various flow configurations. A 40 percent skin

friction drag reduction was measured and this ph2nomnenon



. persisted for about 80 downstream of the manipulator. The

net drag reduction was moderate.

These experiments = adopted similar boundary layer

" "manipulating “schemes, “but the specific dimensions of chord

length, height and tandem spacing varied considerably. 1In a

review paper Hefner et al [15] presented the parameters for

- --=— —--an—-optimum plate -manipulation of a turbulent boundary layer.

They stated that the flat elements should be thin and mounted
as tension members. They estimated that.the element chord
length should be approximately equal to the boundary layer
thickness,é?, and the outer element should not exceed a
height of O.85‘above the wall surface., It was also noted that
the number of horizontal elements should not exceed two and
that the plates operate most effectively in the range of
momentum thickness Reynolds number from 3,000 to 6,000. 1In
recent investigations [16], 10 to 30 percent net drag
reduction was achieved with optimized flat plate manipulators
in tandem wunder zero, mildly adverse and favorable pressure
gradient flows. Most of the net drag reduction occurred
within 50 boundary layer thicknesses from the manipulator,

Airfoil shaped [17] large eddy break-up devices (LEBU's)
were tested in a range of momentum thickness Reynolds numbers
at the manipulator near 7,400. The results indicated that
only symmetric airfoils in tandem were effective in
manipulating the turbulence boundary layer and a 7 percent

net drag reduction was recorded. Finally it should be



mentioned that the repeatability of net drag reduction
experiments was not found satisfactory [15] and the
microgeometry of the plate manipulators 1is critical with

- —--— ——Tespect - to their effectiveness [18].
1.3. OBJECTIVE OF STUDY

-Large eddy break up -devices (LEBU's) constitute a new,
promising method of obtaining drag reduction in a turbulent
“boundary layer. The destruction of the large scale eddiés and

" the associated reduction in momentum transfer to the wall can
result in 1lower skin friction drag. One of the suggested
mechanisms, based upon the work of Liss and Usol'tsev
[13,19,20], leading to large eddy elimination is
schematically represented in figure 2. Large eddies
(discrete vortices) impinging upon a LEBU plate generate
unsteady 1ift forces upon it due to the effective angle of
attack variation. Because of the unsteady circulation around
the device, vortices are shed from its trailing edge. The
oncoming large eddies in the boundary layer interact with the
shed vorticity and are partially canceled. The focusvof this
dissertation is to enhance the LEBU effectiveness by exciting
its trailing edge with acoustic waves phase locked to the
large scale structure and thus influence the momentum
transfer to the wall.

An initial estimate of the required sound pressure level

for an effective acoustic pulse was obtained by considering
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the magnitude of the pressure perturbations at the near wake
of a thin plate in inviscid flow. A sound wave of

approximately 100 dB (Appendix 1) pressure level, arriving

~~ at the LEBU trailing ‘edge- together-with the large eddies was

considered adequate to influence the already ménipulated
boundaryAlayer.

Detailed skin friction measurements were obtained in the
flow region downstream of a LEBU excited with acoustic waves.
The data are compared with skin friction measurements of a
simply manipulated flow, without acoustic excitation and with
a plain flow cohfiguration. The properties and the scales of
motion in the flow regime downstream of the acoustically
excited LEBU are studied. A parametric study based upon the
characteristics of the acoustic input was pursued in addition
to careful mapping of the drag reduction phenomenon within
the acoustically manipulated boundary layer. This study of
boundary layer manipulation has 1lead to improved skin
friction drag reduction and further understanding of the

turbulent boundary layers.



2. EXPERIMENTAL PROCEDURE

2.1. BASIC EXPERIMENTAL APPARATUS

—weeee——-- —-The -experimental —study-was:-conducted in the recently

constructed NCSU Boundary Layer Wind Tunnel [21]. A general
view of the wind tunnel is shown in figure 3. This facility
features: a long test section (7.0 m) to achieve high
Reynolds numbers with low speeds, a velocity range of 4 to

33 m/s and extremely uniform mean flow with turbulence

- intensities of-less than 0.25 percent. A single LEBU plate

ooz zuzmiowas s carefully fabricated from-stainless steel shimstock and

mounted at a distance of 2.0 m from the leading edge of the

test section, in the boundary layer (figure 4). A mounting

—-:system - - for the LEBU ‘was designed and-built. The mount has

accurate control over the LEBU's height above the test
surface, the LEBU's angle of attack and tension. The LEBU
extends through openings in the wind tunnel side walls across
the full span of the test section. Each side of the LEBU
mount is independently adjustable to assure precise alignment
and eliminate possible vibrations of the stretched plate.
The experimental arrangement to acoustically excite the
LEBU trailing edge is shown in figure 5. A hot film probe is
positioned upstream of the LEBU at the LEBU height. The
signal from the sensor is obtained from an anemometer and fed
into a specially designed processor whose electronic diagram

is drawn in Appendix 3. The processor responds only to large

10
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excursions of the hot film signal. The threshold voltage
level,V,, to which the processor responds is adjustable. This
adjustment allows selection of a lower limit of large scale

— == —eddies —to~ which:-the-‘processor--will -respond. Eddies with
velocity fluctuations above +this threshold level (reference
voltage) are ignored while eddies with associated velocity
excursions below the threshold level produce a response from
the processor. The response is a signal with character and
duration similar to the anemometer's large fluctuations as
shown on the dual trace oscilloscope display of figure 6. The
response of - the processor must also be  time delayed and
amplified. The time delay,t, is set equal to the large eddy
convection time [7] between the upstream hot film sensor and

A the LEBU trailing edge. The delayed processor response is

then amplified to produce an acoustic input capable of
influencing the LEBU wake.

The processor response is then used to drive acoustic
waves from a location on the floor of the wind tunnel Dbelow
the trailing edge of the LEBU. The acoustic waves can
therefore be made to arrive at the LEBU trailing edge
together with the incident large eddies. 1In this manner the
vorticity shed from the LEBU, which apparently influences the
eddy cancellation, can be modified. The pressure pulse device
consists of an 8 inch woofer speaker which is seal mounted on

the wide side of a conical channel. The speaker apparatus is

housed in a lined box to restrain noise signals from entering
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'the test surface by spurious paths.

2.2. OPERATING CONDITIONS

Zzmz =izz- - =-The-wind tunnel-is-adjusted to-produce a zero pressurs

gradient flow along its length. Th2 variation of the frze
stream turbulence intensity in th2 test section is shown . in
figure 7. For the operating valocity rangé a 0.25 peréent
turbulence intensity was measured. The boundary 1layer |is
forced turbulent by a coarse sandpaper trip mountad 3 cn

- downstream -of -tha test surface leading edge. The leagth of

-----—the --boundary layer trip "is 21 ©m which quickly establishzs a

fully 4developed turbulent boundary layer with a coaplete
rang2 of length scales as can b2 sez2n from the photograph in
~figure 1. The wind tunnel -unit Reynolds numbér,-%?, was sat
at O.7x106mf'The corresponding typical m2an flow velocity was
approximately 11.0 m/s and the Reynold's numb2ar based upon
the momentum thickness,3 , at the LEBU location was about
3,100. Th2 boundary layer thickness,é\, at LEBU location was
estimated as 4.1 cm. This was determined using the definition
of the boundary layer thickness as the height at which

—55=.995, where U 1is the local velocity and U, is the
velocity of the external flow. The LEBU chord 1length was
=0.908, its height above the test surface was =0.80% and its
thickness was 0.0058 according to the recommendations of

raference [15].

This LEBU configuration 1is an improved version of

16
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several manipulators that were tested. It is described in
detail because a major portion of this study was spent upon

it. This plate configuration was the fifth tested (LEBU #5)

—zz —z== —and —was the most successful., The configurations previously

tested also used a wind tunnel unit Reynolds number of 0.7x
106‘m-1, were located at a distance of 2.0 m from the test
sedtion leading edge andfane“described in section 3.6.

7 The upstream eddy detector hot film probe was positioned
at the midspan of the test surface at a height of 0.855 énd
at a distance, s, of 2.455‘upstream the LEBU trailing edge as
shown —in-figure 5. This probe, used to detect the incident
large eddies, was positioned as close as possible to the LEBU
trailing edge becausé the large eddies lose their coherence
after a distance of about 4§ [4]. The location of the large
eddy detector probe must be, however, far enough upstream in
order to prevent a feed back from the acoustic pulses. The
axis of the probe was 1inclined at 45 degrees with respect to
the test section vertical plane of symmetry (figure 4) in

order to avoid probe interference with the downstream flow

S

field. The processor delay time was set at t=—o
0.93 U,

; a
typical value of t was 10 msec.

The pressure pulse mechanism was mounted under the test
surface at midspan below the LEBU device trailing edge. The
acoustic input was directed to the LEBU trailing edge through

a circular opening (3/8 inch diameter) covered with fine

screen flush mounted to the test surface.



©

A first approximation of the required sound pressure

level of the acoustic waves was obtained by considering the

boundary layer pressure perturbations near the trailing edge

- ——--of-a-flat plate.-According-to-detailed calculations (Appendix

1) a typical value of about 100 decibel (dB) pressure-A

perturbation was prédicted at the LEBU trailing edge. This is
not the pressure fluctuation generated at the flat plate
trailing edge when it encounters an oncoming average large
eddy, but rather the typical pressure fluctuation in that
location for a flat plate in iﬁviscid free stream flow. It
—--- -was- assumed that sound pressure levels of this magnitude
would be necessary to have some effect upon the trailing edge
flow. A power amplifier was utilized to deliver the required
power to the pulse mechanism.,
The pressure pulse mechanism was bench tested with the
wind tunnel operating at a unit Reynolds number of O.7x106 m
using the output of the upstream hot film probe. The speaker
mechanism was mounted outside of the wind tunnel wunder a
wooden baffle plate with an acoustic wave port identical to
that in the wind tunnel test section. The time averaged Root
Mean Square (RMS) power spectra of the acoustic output at the
LEBU's height was measured in a hard wall room under zero

flow conditions. Figure 8 shows the RMS broadband spectra

-1

from O Hertz to 2,000 Hertz of the acoustic pulse emanating

from the floor pressure port. The acoustic power Iis

concentrated over a narrow region from 60 Hertz to 200 Hertz
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approxinately at a‘level of 100 decibz1ls. Th=2 sound prassurs
level at the LEBU's height integrated from O Hertz to 2,000
Hertz was 95.4 decibals. The large eddy passing frequency was
—expected tONbe,apbpoximately;11Q_Hentz, heanca the bulk of ths
acoustic power occurrad at the expacted frajuencies. Ths
remaining part of the spectra consists of thz harmonics of
the acoustic pulses, the background noisz2, '"ground dip"
phenomenon and the harmonics of the wind tunnel fan blads
passing tone. A 1/2 inch Bruel and Kjaer condensar

microphone was utilized for thase measuresments.
2.3. DETERMINATION OF THE SKIN FRICTION COEFFICIENT, c;

Mzasurements of the boundary layer profile downstrzam of
the manipulator plate were o6btained using a small boundary
layer Pitot probs with an outsids diameter of O.5mm. A
ramotely controlled traversing mechanism was usad to assist
with ths precision probe positioning. The traversing device
provides probe movement over the Y-Z plans in the wind tunnsal
test section (figure 4) with a positioning accuracy of +0.1
mm. The pressures from ths boundary layer probs were measurad
with a Validyne differential pressure transducer. The static
pressure was obtainad from static taps in the test surface.
Approximately 200 samples weres obtained and averaged at each
point and the velocity profile was determinad by 40 such
points distributed ovar the thickness of the boundary laysr.

A Digital 15 bit resolution data acquition systanm in

21



conjunction with a Digital Computar ware utilized in order to
process the measured data and monitor thz wind tunnel's
operation. Variations in mean velocity of more than 1 p2rcent
and_«gmean— flow tempearature of.-more than 2 pzrcant
automatically stopped the acquisition process, so that the
exact conditions could be reset.

Ths momentum thickness, 8 , is calculated from its
definition (list of symbols) by numerically integrating the
velocity profile over the boundary layer thicknass. For zero

-prassure - gradient  two-dimensional  flow thea Von Karman

“Momentum ~Integral ~Equation reduces to:

1§-=-§§— (2.1)

where, c; 1is the local skin friction coefficieat and x is ths
axial length. The MOméntdm'thiCRnéss,B; is detefmined as
describad above for a plurality of positions downstream of
the LEBU. Ths valu2s can be least sguarz fitted to a powar
curve of ths form:

§=axP (2.2)
Hence, the skin friction coefficient can be estimated by :

c,=2abxb'1 (2.3)
An altsrnative calculation of the skin friction coefficient
can b2 obtained by applying a central finite difference
scheme upon eguation 2.1

The previously describad indiract method of measuring

Cy, although time consuming, has certain advantagss comparad

to other m2thods of wall shear stra2ss measuremeat [22]. Skin



friction gaugss have problems with the nessacary gaps and
possible misalignement r=slated to the floating element.
Preston tubes, Stanton gauges and sublayer fences causs flow
obstruction, and measurements are heavily dependant _upon

geometry and positioning. The method usad in this study was

the --most -economically sound and the most diractly rslated to

provan theory.
2.4. VERIFICATION OF THE BASIC FLOW CONFIGURATION

The momentum Mthickness,e, - 0f the tdrbulent boundary

.layer.. is . of primary .interest .in:the . .prasent investigation

becaus2 it 1is wused for determining ths skin friction

coefficient. Figure 9 shows measured and thsoratically

predicted ..valuzs . of 8~-for;§the plain flow case versus
downstream distance x. The solid line represents values of

momentum thickness predicted by Head’'s method [23]. The

experimental valuzs of E? were obtained by averaging 3 valuss:

across th2 span of the test surface. H2ad's method was
applied for zero pressure gradient flow and initialized with
a momentum thickness pradicted empirically at the end of the
sandpapsr trip (Appendix 2.1). The initial shape parameter,
H=1.375, was selected as the averaged measured valuz. The
shape parameter H for a boundary layer is defined as the
ratio of displacement to momentum thickness. Measured valu=ss
of H at different axial locations are listed in table 1 along

with the average. The initial or starting valu=zs in Head's
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Tabls 1-

x [m]
.00
.25
.50
.75
.00
.25
.50
.75
.00

Y N

N

.25
050

-~ o~ W W W W N

. 'Mgasured shape parametgr,

distance,x (—%Q=O.7x10 m
H

1.379

1.382

1.485

1.375

1.361

1.363

1.356

1.343

1.355

1.358

1.357

* averags §=1.375

H,
).

versus

axial
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method ._are relatively unimportant except for the first few
points of the calculation. Agreement between the predicted
and measured values of appeared satisfa&tory with a
-~ ~maximumdeviation of 3 percent:—The momentum thickness ,8 ’
at 9 spanwise locations across the test section centerline at
| 2.0 mand 3.5 m ffom the test surface leading edge is shown
~on figure -10. The maximum deviation from the mean was 4 per-
cent,

The 1local skin friction coefficient for a plain flow
configuration was determined according to the procedure
suggested by Bradshaw [24]. This method explained in Appendix
2.4 determines Cs from a measured boundary layer velocity
profile, These measured results are compared with the axial
skin friction coefficients predicted by the empirical formula
of Ludwieg and Tillmann [1],

c =o.24eRe;°'2681o'°'678H (2.4)

in figure 9. The shape parameter H and momentum thickness Re
in the above equation were predicted with Head's method. A
maximum deviation of 2 percent was observed between the ¢,
predicted by Ludwieg and Tillmann's formula and the
determined by Bradshaw's method. Although Bradshaw's method
predicted c; very well for the plain flow, it was not used in
other flow configurations because it is based wupon the
previous knowledge of the logarithmic law ; the form of the

logarithmic law for a LEBU manipulated boundary layer has not

been established yet.
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Momentum thickness,8x10 (m)
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U7°:O.7x106/m
T T T §=0.006534 m
X=3.5 m
o o]
6=0.004496 m
. 4
s Z(?i__.__f’___”__ _JL.___.fi?;E,"’
a Pay A
a
-0.24 -0.12 " 0.0 +0.12  +0.24

Distance from centerline,z (m)

Figure 10. Spanwise variation of momentun thickness,a,

at two axial locations.



The measured velodity profile for the plain flow
configuration was compared to a theoretically pradicted

profile wusing a modified Coles' boundary 1layer (Appendix

o= =2,2), -The -velocity profile. was calculated for an axial

location 2.5 m from tha test section leading edg2. Thz free
stream valocity was szt at 11.35 m/s to satisfy the unit
Reynolds numbsr reguiremeat of 0.7x106m—gnd tha2 resulting
theoretical and exparimental profiles are shown in figure 11.

The maximum deviation between predicted and measured velocity

-z o.. valu2s was 2 percent.

—- = =7 .-~ Measurem2nts of:the-fluctuating -axial vzlocity component

were obtaina2d across ths turBulent boundary laysr at an axial

28

location of 2.0 m with a hot film probs. These data ar=

“i—--.— ““plotted -in figure 12 .and compared with classical m=2asurements

of Klebanoff [1]. The trend of the data agrees fairly well
although the wmagnitude of tha measured data is 1lower than
Klebanoff's classic measurements. Such deviations should be
expacted since Klebanoff's data arz for a Reynolds number of
1O7 whereas the measurements of figure 12 were obtainazd with
a Reynolds number of 1.4x106. A mathod to scale the measured
data to correct for the difference in Reynolds numbars was
not available,

The boundary 1layer velocity profile for a LEBU
configuration was predicted by superimposing the turbulent
wake velocity distribution from a thin plats upon a plain

flow profile. The detailed calculation procadure is describad



29

o _ . . *mO013 uteld ayjz Jao3
€1130add £310012A UEaW paJanseaw pue pa3oIpedd °*|| €and14d

(98s/w)‘n A11001a A

gt . o+ 8 9 ¥ ¢ .0
@\.Q%WVOOG\C U
. n
.2
woo0=z
w Q0G6'¢=x
ses/w £GE°LL=0N €
, -
391904d S31700
Q3141dON
g
|

(wo)A‘jjem wol} aoueysiqg



O
™M

o *Jafel Aaepunoq syj ssoade
.ﬁ.ﬁ:ooﬁg o5 JMWESBJ]E 8Yj JO BJUBWIANSESW °Cl dandl4

%.mocﬁw% lem

0L 80 90 0 ¢0 00

A it

il _

A o0 by 1=y |

poainseaw

¥0°0 Mn_nM_

X
="a

ejep s,jjoueqa)y




in Appendix 2.3 and the predicted and measured profiles are
shown in figure 13. Their agreement was found satisfactory and
a 4 percent maximum difference was measured.

The structure of the turbulent boundary 1layer was
investigated by using flow visualization with the Smoke-Wire
method of Raspet and Moore [25]. The smoke was pr&duced by
--vaporizing - 0il from a.fine stainless steel wire by impulsive
resistive heating. The smoke wire was mounted vertically- in
the . test section with the tunnel operating at 1low speed.
Large scale eddies shaping the boundary 1layer intermitancy
region and typical eddies +throughout the 1layer can be
observed in figure 1.

The mean free stream velocity was uniform in the
spanwise direction within 0.2 percent [21] and momentum
thickness across the test section span varied within 4 per-
cent of the mean value. These small deviations combined with
the satisfactory agréement found between predicted and
measured flow characteristics allow the assumption of a two
dimensional ergodic turbulent boundary layer with the large
eddy break-up device removed. When the LEBU is installed the
basic velocity profile downstream of the device is also as
expected. The wake of the plate appears normal and the slight
increase in the velocity profile, at approximately y=1.0 cm
in figure 13, may be attributed to the viscous drag reduction
capability of the LEBU which manifests itself as a reduction

in momentum thickness.
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3. RESULTS AND DISCUSSION

The experiments with acoustic excitation of the LEBU

were performed in order to:

i. Determine if proper acoustic excitation can enhance
the effectiveness of a boﬁndary layer plate
manipulator.

““‘“*““”‘f ——1ii; 7Investigate ~“the ~properties of the resulting flow
field downstream of.the LEBU.

iii, Search for the optimum operating parameters of the
experiment.’

iv. Examine the effectiveness of the acoustic excitation

with different experimental conditions.
-s="7 === "7-  3,1. BASIC RESULTS
3.1.1. SKIN FRICTION DRAG REDUCTION

The effect of the acoustic pulse upon the plain flow
was first examined and the momentum thickness growth for the
unexcited and the excited plain flows is compared on figure
14. The acoustic input caused no significant alterations in
the flow and the average value of Q for the acoustically
excited configuration was found to be higher than the
unexcited configuration by only 0.5 percent. This slight
increase ineis due to an expected small increase 1in mixing
near the acoustic source. Figure 14 shows that the acoustic

input has no significant effect on the flow when the LEBU is
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not install=d.
Whan the thin plate was installsd turbulent boundary

layer velocity profiles were obtainsd at midspan locations

..downstream.of -th2 -LEBU -manipulator. The momentum thickness,@,

was calculated as describa2d in section 2.3 and plotted versus

downstream distancs,x, from the test surface leading edge;

Figura 15 shows ths axial variation of for ths following

configurations: |
i. Plain flow with the upstream sensor installzsd

“~iis ‘The -LEBU configuration with the upstream sznsor

o —=-—-—- —---—-= —-—instaltsd but not operating.

iii. The LEBU configuration acoustically excit=d.

The momentum thickness of the manipulated flow 1is

-gr2ater - than th2-plain flow case near the LEBU becauss of

momentum loss imposad by the embadded thin plate. Ths
momentum thickness near the LEBU trailing edge ( 4 boundary

layer thicknesses downstream) is within 5 percent of the

sun of the momentun thickness of the plain flow case and ths
momentum thicknesses of the laminar boundary layers that
devalop on ths upper and lower surfaces of the plate,

The acoustically excited case produces an even graater
momeantum loss at this location. If the acoustic input was
merely tripping the laminar boundary layer, one might hope to
repeat the above superposition using a calculation for
turbulent boundary layers on tha LEBU plate. The measured

increase in Q with the acoustic input is, howavar,
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approximately ten times the expected increase that could be
attributed to turbulent boundary layers. These results

suggest that an additional machanism may bz active during th=

--acoustic ..excitation; . a mechanism which altsrs the trailing

edge flow from the blade in a mannar other than maresly
tripping a laminar layer to a turbulent boundary layer.
Further downstream at x=2.6 m (154 from the LEBU) thes
momentum thickness of the acoustically excited configuration
relaxes to that of the unexcited LEBU but grows at a slower

rate. -Ths same trend is noted at x=3.8 m wharzs the 'momentun

z.omo= cznmocbhicknesszzof-theracoustically:excitad..flow becomes less than

thz plain flow configuration. This a clear indication of
rzduced skin friction cosfficient and net drag raduction.
~=Tha-:-~approximate =-variation -of .the skin friction
coefficient,cf, with the axial distance from tha test surface
leading edgs is shown in figure 16. All measursmznts wers2
obtainad at the test surface mid span. This 1location was
aligned with the upstream sensor and the acoustic wave port.
The numerical valuss of ths skin friction coefficient werz
calculated according to the procedure describad in section
2.3. All least square curve fits had a correlation
coafficient above 0.99. The LEBU configuration and the
acoustically excited flow wers comparzd to the plain flow
(hot film sensor installed). According to the numerical
valuas of the skin friction coafficient, acoustic excitation

can enhance the LEBU's effsct by reducing c¢; batwaen
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approximately 7 and 13 percent with respect to th2 unaxcitad
LEBU configuration. Compabison with the plain flow shows a1

reduction of the wall shzar stress betwz2en § and 15 percent.
S e 304702 SKINT FRICTION DRAG REDUCTION MECHANISM

Cmm e Spaca-tinme cross corralation functions (CCF) - wers

obtainad wusing the hot film eddy detector probs upstrzam of

the LEBU plate as a fixed reference location and ahother_

prob2 at various downstream locations as indicated in figurs

17. A 'dual chann2l anemometer was utiliz=2d and th2 hot film

P

probs _signals..were . processaed-with :a NICOLET 550B  FFT
analyzer. Figure 13 shows pesak valuss of the space-time cross

corr2lation functions versus prob2 separation distance,g, at

oo . __various boundary -layer -heights.. - ¥Far away from the LEBU, in

the downstream diraction, the residual acoustic far field
produces highar cross correlation peaks whan ths acoustic
excitation is applied. When the moving probe is locatzd near
the LEBU's 1leading edgs the excitation causss significant
incrzases in the cross correlation functions b=2causa the
probes are exposed to both, ths large scale eddies and the
acoustic field. At ths trailing edge of the plate 1in the
outer region of the boundary layer the flow without
excitation maintains a maximum CCF approximately egqual to
that of the leading edge. Th2 wakz of the LEBU in this cas=
is <clearly correlated to the incident flow. When acoustic

excitation 1is appli=2d the downstream flow is corr=zlated ¢to

39
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o Without excitation
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2 s With excitation
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Figur2 13. Maximum space-time velocity cross corrzlation
in the boundary layer,



tha upstrezam point significantly less. The reduction is mors
obvious at the outer region of the boundary layer ( g@=0.95 )
where the large eddies dominate. This indicates that acoustic

-~ . ... excitation enhances the destruction of the large eddies which
are sensed at the upstrzam lqcation. It is assum=2d that the
impinging sound ~wave - at ‘the LEBU trailing edzz shads a
vortax of opposing rotation to the oncbming large eddi=s
resulting in enhancad'large eddy cancellation.

At downstream locations deeper inside the boundary layer

—= (E%=O.80, é%=0.60,) the reduction of the CCF, whan acoustics

== =% zzzzTare applied,is moderate. because .large. eddi=ss appear mainly in
the outer part of the boundary layer. Th=2 reduction of the
CCF when the moving probes is at the LEBU's height signifiss

=morimzmot o zithat. the acoustic pulsss.assist.the manipulator in canceling
large eddies. All tim2 delay values associated with the Cross
correlation function peaks corrzspond to expectad large eddy
convection times and not to the acoustic wava propagation
tinme.

The turbulence intensity of the low fraquasncy part of
the turbulence spectrum was examined downstream of the plate
manipulator. A hot film probe was positioned slighty above
(1.5 mm) the LEBU's height and the turbulence spzctrum from O
to 2,000 Hz was measured. Figure 19 compares the variation of
the root mean square (RMS) of the fluctuating axial v2locity

component u for the acoustically excitad flow to ths

unz2xcitad LEBU configuration at various downstream locations.
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The turbulence level over 2 KHz is considerably reduced when
acoustics are applied and the effect persists for a distance
of 8§.downstream of the LEBU. When the low frequency (0 to
——— - —-200~-Hz) part “of the signal is examined the level of the
turbulence intensity appearS'fﬁrther reduced. This range of
frequencies approximately corresponds to the 1large eddy
e passing frequency which is estimated to occur near 110 Hertz
and dominate the low frequency spectrum. The relatively
higher frequency (200 to 2,000 Hz) part of the turbulence
T spectrum remains largely unaffected by the acoustic pulses.
This 1indicates that only the large wavelength motions of the
turbulent boundary layer are affected when the flow is
acoustically excited. The measurements of the RMS velocity
fluctuation, as for the previous CCF data, were limited to a

distance of about 104 downstream the LEBU.

To better wunderstand the influence of the acoustic
excitation on the flow manipulator, a pulsed smoke wire was
used to obtain flow visualization photographs. The smoke wire
was mounted downstream of the manipulator at the midspan of
the tunnel. The fine wires ran verfically from the wind
tunnel floor through the boundary layer. Figure 20 shows
typical results for the three cases of concern. The large
eddy break-up device reduces the large scale structure in the
boundary layer and acoustic excitation of the device causes
further reduction in coherent motion. The results were

obtained at approximately 35§ downstream of the manipulator.
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F'igure 20. Boundary layer flow visualization for tha
(A) plain case (B) LEBU manipulatad and (C)
acoustically excita2d LEBU configuration.
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The sound waves at the LEBU trailing edgz appar2atly shz2d
vorticity which helps cancel the oncoming large eddies.

The possibility of vertical oscillation of the thin
ribbon when "hit" by acousfic wavas was examinad. The goal
of this study is to control the large eddy break-up process
without moving the LEBU. Moiion<offthe device could generate
more disturbances and altar the boundary laYer on th= device,
~.thus :.altsring --the -momentum thickness downstr=zam. A small
accelerometer was mounted on the LEBU above  ths2 acoustic wava
port. Vartical displacement measurzments wers obtainad with
no flow; the pressufe pulss device was excitad with a
praviously recorded anemometer signal from the turbulent
boundary 1layer. Th=2 measurad vertical displacement when
acoustics wer2 applied could not be distinguishasd from the
béckground electronic noise., The reduced corralation of the
flow across the LEBU and reduction of RMS velocity
fluctuations with acoustics, can be only attributed to the
interaction of the acoustic input and the fixed LEBU, not ths
motion of the manipulator device. This is evident because th2
acoustic puls=2s had no effect upon the th2 plain flow; also
they cause no vertical motion of the plate at =zero flow
conditions.

According to these results an acoustic pulsz of the
proper sound pressure level and phase locked to the convectz2d
large scale structures can enhance the effactiveness of a

plate manipulator. Large scale eddies contribute



approximately 50 percent of the turbulent energy and 80 per-

cent of the Reynolds stress when ths outer part of the

boundary 1ayer is considered [9]. Turbuleat "bursting" in the
subiayer accounts for most of tha turbulence and Reynolds

strass close to tbe wall [26,27]. If the passage oflthe large
eddies 1is related to the triggering of "bursting"” events in
the sublayer, then their enhénced destruction <can 1lezad to
further faduction of skin friction drag downstream of the
LEBU. Energy exchangz between th2 mean flow and turbulence is
governad by the _dynamics of the large eddies [28] which
extract. kinatic.ensrgy fnam_£hemmean flow. The break-up of
the ena2rgy cascade from th2 very large eddies to the small
energy dissipating structures can le2ad to reduced momsatuu

transfar_to_ the wall and reduced skin friction drag.
3.2. SPREADING EFFECT

It is clear from figure 15 that increased drag reduction
due to acoustic excitation persists downstream for a
considerable distance. Measurements of Q across ths span of
the test section indicated that the beneficial effacts of
excitation spread slowly in ths spanwis2 direction as thes

flow convected downstrean.
3.2.1. SPANWISE MAPPING DOWNSTREAM OF THE LEBU

Ths spreading of the acoustic excitation effzct

downstream of th2 LEBU was mappasd indira2ctly. It has b=en
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obsarvad (sectionv3.1.2) that ths output signals of two hot
film probes across ths LEBU at midspan of thz test surface
are less correlated when acoustic excitation is applied. The

cross correlation-function-(CCF) betwszen the upstream fixa4d

sensor and anothar positioned at various spanwisz 1locations

CCF(LA)
CCRL)

was calculated; LA signifiss the acoustically excitsd LEBU

downstr=2am of the blade was mesasured. Th2 ratio r.=

configuration and L signifies the LEBU configuration without
excitation. Figure 21 shows a schematic top view of the test
surface "downstream of the LEBU with expanded z coordinates.
Tha solid symbols indicate points on ths test surface whare
the ratio rc is smallzar than unity becausa ths2 acoustic wavzas
enhanc2 the large eddy destruction. Ths open symbols indicata
points where the ratio ro is greater than unity becauss thes
acoustic pulsas mak=2 the probs signals more correlated. These
measurements could not be extanded further downstream bacause
tha large eddies have a limited 1ife span and dscay after
traveling a distance of approximately 1061 A slight
spreading of the acoustic excitation effect at a half angle
of about 2 degra2es can be se2n in figure 21. This sprezading
is verified by spanwise measurements of momentum thickness.
Figure 22 shows the variation of the ratio ) =gg—t)é)—

with the spanwissz distance,z, from the test surface
centerline for various axial locations. The wvariation of

momentum thickness,@ , (section 3.1.1) measured at the tost

surface centerline needs to be r=2consider=2d. According to
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these data

locations ¢

tha ratio o is greater than wunity at axial

los2 to the LEBU trailing edgzs. Furthsr downstresam

at a distance of 66\to 80 from the LEBU trailing edgs th=

;:::::::::::raiio:qébecomes smallar--than unity, remaining as such for th=

rast of the

test section. Returning to figure 22, at x=2.15

m, thes spanwisz measurements of£9 indicate a narrow ragion

whare %Dis gr2ater than unity. Further downstream, at axial

distances o

£ 228 and 475 from the plate manipulator,  the

ratio rgy was found to be smallar than unity over a broader

extent in the z diraction. These data show a tzndency for the

—iri=a—— —oodrag ~ reduc

tion phsnomena to sprz2ad spanwis2 at a half anglz

of about 2 degr2es. Th2 exparimant was limited to a distance

of 50 boundary layer thicknasszs from the LEBU bz2causs most

—= -~ --0of th2 pravious investigations indicated that a maaipulatesd

turbulent boundary 1layer relaxes to the undisturbed flow

after 50 to

1004. Furthermore, the length of ths test section

did not allow good measurements beyond this point. Tha small

valu2 of
process of
angls also
spreading

correlation

the spreading angle is attributed to the mixing
the surrounding turbulent boundary 1layer. This
agr2es with the results observed for ths spanwise
of the reduction 1in the space-tima cross

near the LEBU.

The turbulence intensity,T, of the axial flow

velocity co
throughout

Figure 23

mponent, with and without excitation was measurad

the boundary layer at three axial locations.

_T(LA)

shows the varia?ion of ths parameter rg T

Y
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whare T= =—, Vvarsus the boundary laysr height 7%—. at a
spanwisz location 2cm off thes test surface centerline, z=+2.0

ca.

e .- At x=2.08_m,__outside of the narrow "wa2dga" of acoustic

influsnce, thz averags valu2 of the parameter Cr is- 1.008.
Acoustic waves in this case make the excit2d flow wmore
perturbsd. At x=2.88 m, where this point is starting to be
affacted By the acoustic influsnces, the averags ratio |is
1.001., W=21l insidé tha cone of acoustic influence, at an

‘axial .distance of 474 from the LEBU, the averags valuz of

4;_gthe.parameterdnr.is‘smallec:than unitys= It should be noticad

"that the turbulence intensity level includas 3all fregquancies,
not just  the 1lowsr fraquency rang=s which 1is primarily
influenced - -by tha7.acoustic- input. -Thz differencess in
turbulence intensity are small when acoustics 1s applisd
leading to a random oscillation of rg around unity. The
reduction of turbulence intensity seems to exist howavar,

insid2 tha2 narrow "w=dge" of acoustic influznca.
3.2.2. EXPLANATION OF THE SPREADING EFFECT

A recently proposa2d model of turbulent boundary layer
coharent motion [29] was examined and a qualitative
explanation of ths spreading acoustic influsnce was based
upon it. According to this model, largz scale motions are
initiated by the instability of the main flow and rotate in

the diraction of the mean flow shesar. Ths sublayer bursting



events ar2 caused by the interaction of the semi-periodic

largz scales motions with the wall. Thz2 burst is bound by a

L - pair of counter rotating vortices which are inclined forward

T 77— and "the Tresulting ejection and -sweep are flows induced by

these vortices. A schematic representation of ths suggastad
model is shown on figure 24a.

- - - - Using referenca [30] applied _to tha particular

experimental sa2t-up, an.approximate skatch of ths resulting

flow field from a single prassure puls2 can be made as shown

in figure 24b. This schematic is a3 side view of the flow

A=t éy~§é*fieldﬁfndqcéd%by-an~q¢OQ§t10wpulseifﬁpidging upon tha LEBU as

szen from a downstream location. The acoustic pulss is
spread through thes air with ths vortex ring moving away
from ths acoustic input port. Ths resulting jet flow has a
spanwisa velocity component w' which is also augmented by th=
stagnation of the pulsating air upon ths LEBU. The moving
media causz2s a divsrging motion of the generated vorticss
through the downstream boundary layer.

A top view of the flow across the flat plats manipulator
is shown on figure 25. Upstream of the LEBU th2 largzs scale
structures appesar according to thz model at a random rate and
spacing. Only ths eddies that are convected on th2 centerlins=
are detected and canceled with acoustic waves. Thesaz acoustic
waves partially stagnate upon the flat plate and induce a
vortex "street" which 1is spread into the boundary layer

downstream. These vortices interact out of phase with soms of
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the large eddies which wer2 not datectzd by the hot film
probe but were partially canceled by tha manipulator. This

cancellation proceeds downstr2am within a narrow angle

. __Dbecause the spanwis2 veLoctty,cbmponent w of ths induced

secondary flow is assumed far smallzr than ths axial valocity
component u. Soms of these vortices eventually decay bescaus2
of strong mixing in the turbulent boundary layer, It should
be noted that‘the angls of acoustic influence was reduced at
higher free stream valocities which supports this proposed
~explanation of how th2- spanwise spreading of the ph2nomanon
may occur,

An altesrnativs explanation can b2 providzd bas2d upon
the assumption that the large eddies and the sublaysar
phanomana -of "turst"-and "sweep" aré closaly interralated and
presarv2 each other, It is assumed that a burst of fluid is
counteracted by largs scale motion 1in order to preserve
continuity ‘at a point of the flow field. Also, ths convectad
largz eddies, being limited spanwiss, trigger bursting events
at other nearby locations in the z direction. Thes2 events
account for most of the skin friction production.
Consequently, the break-up of large eddizs will spread
spanwis2 interrupting the chain of evants that might link th2
cohzrent motion to the sublayer bursting and swez2ping of

fluid,



3.3. OPTIMIZATION OF THE EXISTING CONFIGURATION

Since acoustic excitation reduces the correlation
betw2en two points across the LEBU, this was utiliz=2d4d to

optimize the various parameters which control the function of

the analog time delay processor._ Thsse parameters aras ths

voltage reference,V,, the time delay,t, and ths pra2ssure

"Tevel of the acoustic puls=z.

The downstream hot film sensor was positioned at a
distance of 7cm (1.7 &) from the LEBU trailing edgz, and at a
hzight of 3.4 cm above the wall on the centerline of the test
surface. Th2 upstream hot film sensor was positioned at ths
usual distance of 2.54 from the LEBU trailing edga. Th=

ratio pc=gg§t';)is plotted versus the rzlative processor
Vr
. Va . .
voltage and V; 1is the upstream anemometer voltage output.

raference voltage, whare V, is the s2t reference

Tha valuzs of r. ( open symbols) displaysd in figure 25
Vr

a
level at the upstream sensor’'s height was 2 to 3 per cent.

indicate a minimum at =0.970. Tha turbulence intensity

Th=2 optimumn rangs of the raference voltags is very narrow (10
millivolts) and it was vrepeatedly noticed during the
expariments that V, should be set just bslow ths AC RMS 1level
of the detector probe output, V;.

Tha closed symbols of figure 25 represant the averagad
numbar of processor pulsas per second for different valuss
of the ratio-%L-. The average procassor respons2 fraquency

a
was determined by counting the number of output pulsss from
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--—-the -processor over an interval of 200 sec. For tha 1local

boundary layer thickness of about 4 cm and free strzam
velocity of about 10.9 m/s=c, »a valué of approximatzly 1410
Hertz is predicted [8] for the lérge eddy passing freguancy.
This frequency is very closs to'that m2asured Qhen Vi is s=2t
to its optihum value., Thus dptimization ofi V., is agéin
associated with the largs scale structure in th2 boundary
layer.

Th= coustic excitation remain=zd effactive whan the
referenca voltage_was;satfbalqw the.optimum valu2. 1In this
case only very large eddies ware racognizsd and th2 numbzr of

acoustic pulses per second was ra2duczd. Whan thsz rzlativs

voltage zr was sat at 0.91 _the processor was unabls to
a

trigger the puls2 mechanisn. On the othsr hand, the acoustic

excitation Dbescomes less effactive when the reference voltage

is 1increased above the optimum rangz. In this case the

acoustic excitation is triggered by additional smallar
eddies. The number of acoustic pulsas per sz2cond was
increased to almost double the pra2dicted numbzr of 1larga
eddies per szcond. Increased correlation measured betwean the
two points across the LEBU is then causa2d by acoustic waves.
Th2 optimum valus of the reference voltage,V,, depends upon
the anemometer voltage output, Vo, which variss with the
tunnel free stream velocity. Continuous monitoring and
periodic adjustment was nacessary to compansate for

temparature variations of the flow.
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The - processor -time delay, t, required to allow for a
detected large eddy to be convected to the LEBU trailing edge
was also optimized 'based upon the reduction of p2ak
correlation across thes LEBU whzn acoustics is appliz2d. On

figure 27_ the ratio. r - CCFLA)

¢ " TCR(L) is plotted versus the

- procassor time delay t. The downstream probs ramainzd at tha

~same —--position and the reﬁerence voltagz was s=2t to the
optimum value. According to the data, a minimum valuz2 of the
ratio rccan b2 distinguished corresponding to a time delay of
10 msa2c. For the particulan_tunngluvelocity setting of 10.5
m/sec,.the time delay, t=6§§Ug' was found to be 10 ms=c. This
reinforces ths concept of assisting the large eddy
cancellation process with an _acoustic puls2 which arrives
simultaneously at the trailing edge of the plats manipulator.

Finally, the time averagsd sound prasssure levelbof the
acoustic waves impinging upon th= thin plate was optimiz=d
using the sam2 phesnomenon of minimized CCF whan acoustic
excitation 1is applied. Mesasurements of the time averagad
prassure level of the acoustic wave wer2 obtainz4d at
"simulated" expzsrimental conditions. Th2 acoustic puls=2
mechanisma was mounted upon a wooden baffle plate that had an
acoustic port identical to that of the test section. Th2
pressure puls2 mechanism was triggsred by a preracorded
output signal from the wupstrzam sensor at real flow

conditions. Sound pressure level mzasuremants werz obtain=24d

at ths LEBU's height above ths prassure port 1in a hard wall

G1
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“room with no flow. The microphone was positioned at grazing
incidence and the reference voltage,V, , and time delay,t,
were set at their optimum value. In this manner the sound
pressure level at the LEBU was determined for various po&er
amplifier Settings. Measurements of the CCF were then taken
inside the tunnel with real flow conditions. A hot film probe
was positioned at midspan of the test section at a distance
of 1.785 from the LEBU trailing edge and at a height of 0.82§5
from the wall. CCF measurements were obtained comparing the
LEBU _and the acoustically excited flow configurations for
different settings of the acoustic wave pressure 1level. The
ratio rc=%§%£%fﬂ versus the measured narrow band SPL at the
LEBU's height is plotted on figure 28. Once more a minimum
value can be observed, which indicates that an acoustic pulse
with a SPL of about 102 decibels 1is most effectiQe for
canceling the large eddies.

The cross correlation across the LEBU remained reduced
for a range of 2 dB around the optimum value but for values
of the sound pressure level above 105 dB the acoustic wave
field increases the correlation across the plate. The value
of the sound pressure level required for optimum large eddy
manipulation is of the same order of magnitude as the
predicted and previously applied pressure pulse of 100 dB. In
the beginning of the study it was assumed that a pressure
pulse of the same order of magnitude as the pressure

perturbations at the near wake of the thin plate (Appendix 1)
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--might benefit the large eddy brzak-up process.

The obsarved phenomenon of reduced corrzlation at two
points across the LEBU device whan the flow is acoustically
excited can be utilized to optimize the operating parameters
.0f the acoustic input. The cancellation of the largs eddiss
is maximized when the refarence voltage is set to produce
approximately the same number of acoustic pulses per unit
time épproximatgly as the number of predictad largzs eddies
per unit time. The flow is least correlated ( enhanc2d 1large
eddy cancz21llation) when the time delay is s2t equal to the
large eddy conveaction time from the detector probe to the
LEBU trailing edge. The initial approximation of ths pressure
perturbation reguirzsd to influsnce th2 flow downstream of ths
LEBU was found close enough to the optimum value for enhanced
large eddy cance2llation (it deviated by 2 dB). Ths obtimum

values of the expsrimental parameters were very closs to

those initially projected with the concz2pt of acoustic
excitation of a boundary layer plate manipulator. Thus, for
further verification, boundary layer valocity profilzss wer2
measured downstream of the LEBU when the processor operating

parameters were set at their optimum valu=ss.
3.4. MEASUREMENTS WITH AN OPTIMIZED CONFIGURATION

The operating parameters of the processor and power
amplifier were set to the praviously established optimum.

Detail=ed boundary 1layer velocity profiles wer2 obtainad

€5



downstr=2am of the plate manipulator along the midspan of ths
test surface. Th2 momentum thickness was calculated and
plotted in figure 29 as a function of' dowﬁstream axial
distance x. Ths three configurations ~comparad were

i. The plain flow |

ii. The acoustically 2xcited LEBU, and

iii. Th2 optimally 2xcited LEBU.
The axial variation of momentum thickness exhibited a
trend similar to tha initial configurations. The momentun
thicknass<"“"cl;semeJ§1 the - LEBU trailing edgs for tha
optimally excit=ad flow was again slightly higher than th2
plain flow's but lower than the simply excited configuration.
The slopa of th=2 curve is .also -smallacc and the rasulting
momentum thicknesses downstream are less with optimum
acoustic excitation. |

Thz valuzs of 8 wers least squar2 curve fitted to a
power law of the form O=ax® and ths skin friction
coefficient was estimated using cf=2abxb-t Numerical valuss
of the coefficients a and b for various flow configurations
ar2 shown in table 2. According to theses valuzs of ths skin
friction coefficient, optimized acoustic excitation can
enhanc2 the LEBU's effa2ct by reducing cybetwszen 2 and O p2r-
cent with respect to the initially excited configuration and
by 10 to 17.3 percent when comparad to the plain flow
configuration. Tha improvement of about 2 parcant

additional c¢ reduction over the unoptimized case was

66



e7

*(uo13e3Jox® OJ3SNOJE
peziwijdo) SuoTjEINFTJuCD MOTJ SNOTJIBA JOJ ‘X
‘BOUE]STP [EBJXE sSnsasa .m.mmmcxoﬂcu wnjuswol °*6g oandiy

(w)x‘aoueB}sip |BIXY

v _ € _ Z
.A;_ } .
,m.,_:_ ol o Oam
. >
w 0°0=2 W o .. v @ -G M
w X/ ”-IlsAlu e Y w
\OO_P L0 oN COZO@W@@W, o" Aw e %
6evip }8U o9 =
as 3
® v )
! a® v =
. "_«“___,Q 8 _ ”l
a B =
O i |
9 b ! o
LI T “ il »
uolonpal - | @
¢ v _ vN cﬂv
beJp jou| o . 0¥ . x
e ®%° v p UOHBIOX® WNWHAQ = =
L
- 8 | >
. foe $0/}SN0%8 YUM N@37 © 5
° | MO|} UuiB|d o 8
k h .
A



moderate. -This- -is becausz the opesrating parameters of tha
initial configuration were set close to optimum and becaus=
the least squara curve fitting procedure 4is itself an
averaging process.
' There may bz some exparimental error in the measurement
of Q-when the absolute numbers of figures 29, 14 and 15 ars
—---- examined. It - must -be noticad that always during ths data
acquisition evary point of the velocity profile was measured
with and without acoustics. All ths data indicate that

,,,,,, . excitation resduces  drag and optimizad excitation improvss

d
"
I

—U‘Qe,fggg}slightly_.ihahefﬁectivedass:ofuthe:pulsefg Some of tha data
could be combined to show results superior to those givan in

figurs 29, but the data shown arz typical.



ORIGINAL PATE 3
OE POOR QUALITY

69

- ~Table 2a. Curve fitting parameters for the acoustically

optimized LEBU #5 confizuration.

Configuration a b r2

“"plain - =0.002442- --—-0.85175 0.993 -

LEBU #5 0.002912 0.717327 0.992

(2xcitad)

LEBU #5 0.002775 0.731555 0.995%
(optimum acoustic

excitation )

Table 2b. Axial wvariation of the skin friction
coefficient, Ct y for ths optimiz=ad
configuration.

T Tl 2 x[m], L C}(PL),;__‘H_Cf(vLLS,A)—- CJ(PL)"CG(LI5A) -_Cf(LlSAo:) C;(PL)-C((L5Aon)
CUEeEELT e T T cLPLY-= c{PL) .
"2.0 7 0.003754 ~ 0.003425° - 0.087 ~ 0.003373 0.101
2.5 0.003532  0.003213 0.115 0.003177 0.125
““““““ - 73007 0.003535 0.003049 = 0.137 0.003025 0.140
3.5 0.003455 0.002917 0.155 0.002902 0.160
4.0 0.003337 0.002808 0.171 0.002800 0.173
PL signifiss the plain flow configuration
Table 2c. Axial variation of ths total drag coefficiasnt,
Cp.» for ths optimized configuration.
x[m] of PL) c{L5A)  oPL)-cf{L5A) cfL5Ay) o{PL)-cf{L5Aq)
c(PL) c(PL)
2.0 0.004407 0.004738 -0.085 0.004610 -0.045
2.5 0.004254 0.004435 -0.054 0.004342 -0.018
3.0 0.004150 0.004259 -0.029 0.004134 0.004
3.5 0.004055 0.004087 -0.008 0.003957 0.022
4.0 0.003977 0.003935 0.010 0.003827 0.037
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3.5. NET DRAG REDUCTION

Th2 momentum thickness,@, at an axial distance x from
“"the test surface leading edge can b2 used to calculate the
total skin frictlion drag coefficient,cy, at this point [2]. A
momantum balance is applied considaring a control volumz
bounded by the test surface and ths undisturbzd fiow, and
extending downstream from the test surface leading edg2 to an

axial location x. Than the total drag coefficient is givan

by: , _
:u;%i¥, cD(x)=2;Ol%§l B B : (3.1);M,w-w

= = Flgure —29 ts*reccdsidéredLhere+0bsebving that the
momentum thicknass corresponding to an acoustically excitad
flow is lower than for the other configufations. According to
ejquation 3.1 and thz data listed in table 2, a 4 per cent
net drag reduction, with respact to thes plain flow, can be
obtainad at a distance of 504 downstr2am of the LEBU
manipulator. The acoustic pow=2r input to the devicas was not
taken into account.

The actual rasults of optimization are, howevar, more
benaficial than thoss revzaled by table 2, Comparing figure
15, which is the unoptimized L5 case with figure 29, which is
the optimized L5 case, two important differzsnces can b=
noted. First, the momentum thickness near the trailing edg=
of th2 blade is largzsr with excitation in both cases, but th=2

optimized cas2 shows only slightly high=r with excitation.
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Ths more effective large eddy cancellation imparts 1less
initial drag into the system whan proparly optimized,
Secondly, for the optimized case, net drag reduction occurs
IR ‘n,«earlienf‘than-the~unoptimized—cése~and~over a significantly
larger are2a. In the non optimized case of figure 15, n2t drag
reduction is observed starting at approximately x=3.5.m. For
the same flow and same configuration but with carafully
optimized acoustic input, the ragion whare net drag reduction
begins has moved upstream to approximately x=2.8 m (figure

.= 29). Measurements- in~wthe'downstream diraction beyond thes

T Soleses irange-ofr600.wereTlinited-by-the:availabie length of the wind —

tzzt szrzoiizntunnel tast section.

3.5. SKIN FRICTION MEASUREMENIS__OF VARIOUS LEBU
CONFIGURATIONS

Prior to the experimantal sst-up LS (LEEU #5) wvarious
large eddy break-up devices wera studied in a mors
praliminary manner to establish the effectiveness of a singlsas
plate and, the effect of an acoustic pulsa upon the flow
downstream of a large eddy manipulator. It is appfopriate

that some of this preliminary data should be presented here.
3.6.1. PRELIMINARY LARGE EDDY BREAK-UP DEVICES

All the boundary layer manipulators were mounted at a
distance of 2.0m from the test section leading edge. The wini

tunnel wvelocity was set for a unit Reynolds numbar of

71
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700,000 n”' and the pressure gradient throughout the flow

was z2ro. Tha2 height of ths boundary layer at ths LEBU

location was approximately 4 cm above-;he test surface. No

. —-zupstream hot: film -sznsor. was install2zd- and no acoustic

2xcitation was applied. The geometry of thes2 manipulators is

givan in table 3,

Table 3. Geometry of preliminary single LEBU's

configuration height above chord thickness
—_— floor [§]) leagth [§] 5
ro o = LEBU#1 —m— <4300 TAE=4.25 0 0.0038
- - _.CLEBU#2 - _ = 20383 . ToTmE1.215 0.0038
LEBU#3 | 0.50 0.9% 0.0950

Boundary layer valocity profiles ware mezasured
downstream of the various LEBU plates along the centerline of
the test surface. Ths measuremasnts extended a distance of 63
boundary layer thicknesses from ths LEBU, with a spacing for
each axial station of 64. The valuss of ths momeatunm
thickness,e, for the plain flow case and ths various-plate
manipulators are shown in figure 30.

The wvaluss of 8 for all the axial stations wzre least
square curve fitted in a power law of the form 8=:—1xb and
the local skin friction coefficient was estimated following
the method of section 2.3. Table 4 contains the numerical

valuzs of the curve fitting parameters a,b and r?2 for the

- cepror oo - ey
ORICE s PR |

CF FOOK QUALITY
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skin friction drag reduction over a distance of 528  from

the LEBU.

Tab1= 4. Curve fitting parameters for various flow con-
—— - figurations (- was mesasured to a distancz of
62 from LEBU).

o Ppearcent dragz

coﬁfiguration' a b r reduction
at 52§
'PLAIN FLOW 0.002565 0.715393 0.9%94 -----
LEBU #1 0.003005 0.56595 0.921 -3.0
e -- LEBU #2 T 777 0.003104 - 0.62774 0.953 2.7
TTUES T TUUTTL LEBIE 43  ©.SITIR 0030947.3%0 679£=— -0.994 - 278 -

According to the data listzd thz achieved drag reduction
was negative or moderate. These measuremsnts were preliminary
and mostly wused to deva2lop thz expsrimental sat-up and the
data acquisition procedure. The configuration LEBU #3 was
considered as reasonably effective device and it was decided
to proceed with the acoustic excitation after achizving some

moderate succass with boundary layer manipulation.
3.6.2. PRELIMINARY ACOUSTIC EXCITATION

The acoustically excited thin plate configuration was
designated as LEBU #4. The large eddy detector probe was
installed wupstream of the LEBU at a distance of 2.4 from
its trailing edge and at a height of 0.94 above th2 wall. The

time delay of the processor was s2t at 9.5 ms2¢c and the



5

prassur2 lavel of the acoustic wave at the LEBU's hszight was
100 dB. Thas geom=try of LEBU #4 (chord,height,thickness) weara
identical to LEBU #3 as was the location of devicas and th=s
wind tunnel operating unit Reynolds numbar,

Boundary layer velocity profiles for the following

configurations were measured downstr2am of ths LEBU at

" midspan axial locations over a-downstream distancs of 504.

i operating)

7t oriiJLEBU #4 acoustically excited.”

i. Plain flow (hot film sensor was installed)

ii. LEBU #4 (hot film sensor install=zd but not

:The calculated-valueS?ofzmsmentuﬁ{tbickness ar2 plottad on
figure 31. No major changzs between the configurations can b=
6bserved in the rate of momentum thickness growth and the
local skin friction drag reduction was moderate. Th2 valu=zs
of 9 were fitted to the power law and the local skin
friction coefficient was calculated according to the method
of saction 2.3. The curve fitting parametzrs and the achiavad

drag r=duction ar= shown on table 5.
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Figur2 31, Momzatunm thickness,e, versus axial distancse,
x, for pr2liminary acoustic excitation.
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T Table 5. Curve fitting parameter and per cent drag
raduction for LEBU #4 configuration.

Configuration a b r pefcent
e drag r=2duction
plain flow 0.00245 0.84855 0.992 ———————
LEBU #4 0.002576 0.81353  0.993 “1.7 to 0.5
_LEBU #4 0.002699 0.804223 _0.995 0.0 to 2.2

T T (acoust. excited)

No net drag ra2duction was achievad and it was decid=d, bas=4
corifmeo-zi-—gpon.flow visualization, . to raise the LEBU to 0.8.. in order

s d=t----tg bettsr intefcépt .the lincidsAt._largs eddies. This
-::ﬁ:r#w;":;configurationfwésfLEBU,#5 which-Is-extensivaly descriﬁed in
"the pravious sections.

These pr2liminary data with little success are the
result of much time and effort to obtain drag reduction with
acoustic excitation. This method is not well understood and
requires a considerable effort to find a configuration which
works well, Because of inconsistencies with these =zarly
efforts, it was decided that anoth2r indzpendent

configuration must be tested to provid=z additional

verification of the phenomenon.
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3.7. ACOUSTIC EXCITATION AT UNIT REYNOLDS NUMBER OF

108"

To further verify the generality of the largs eddy

cancellation process the wind tunnel vzlocity was set at a
6 -1 '

unit Reynolds numbzr of 10 m ~ and LEBU #5 was replaced with

a diffsrent manipulator. LEBU #5 was installsd and tested in

- order to examine the effectiveness of the acoustic excitation

at a higher speed. Th2 detailed description of configuration

LEBU #5 is given in table 6 and compared with the successful

~optimizad LEBU #5.
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Table 5:

-~ -and LEBU #6 configurations.

EXPERIMENTAL PARAMETER
Unit Reynolds numb=ar
Typical mean flow velocity
Boundary I;yer sandpaper trip length

Boundary layer trip location

LEBU trailing edgz 1location
LEBU material
z2zrs 1227 "LEBU chord length _‘AQh'Z;;;;7
mren =--:-<LEBU :H;igbt -above test surface
*;"3“225 LEBU thickness T Tl
- _ ‘Boundary 1layer thickness at

LEBU location

Acoustic input hole diameter
(hole location at LEBU's trailing
edge,midspan)

Upstream eddy detector distancs from
LEBU's trailing edge

Time delay between large eddy
detection and acoustic pulse

Upstream eddy detector height

Momentum thickness Rzynolds number
at LEBU location

Expected larges eddy
passing frequency, Hz

Predicted pressure perturbation at
LEBU's near wake

SPL of acoustic pulsz at LEBU's
height (2 dB higher than predicted
pressure perturbation).

LEBU #5

I
0.7x10 m

11 .m/s
21 cm

"3 to 24 cm
2. m

steel

: .V_H_Ony.g}é\ L i S
"1T0.808 0 Lo
- 0500504

“4.1 cm

3/3 inches

2.458

10.5 msec

0.85§8
3,100

110

100 dB

Experimental parameters for optimized LE3U #5

LEBU #5
6 -1

10 m

15.5 m/s

31 cn

3 to 34 cm

2. m

steesl

-1.048° - -

0.755".
0.0054§
3.7 cm

3/8 inchess

104 43

105 48
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Turbulent boundary layer velocity profiles were measurad
atvmidspan locations downstre;m of the LEBU manipulator as
usuzl. Ths momentum thicknessi?, was calculated as describzd
in section 2.3 and plotted versus downstresam aistance,x, from
the test surface leading edge. Figure 32 shows the axial
variation ofe for the usual three configurations.

Th2 momeantum thickness of th2 manipulated flow is

greater than the plain flow case because of momesntum loss

, energy,from,the flow and it improves the efficiency of the

LEBU configuration in the wake region. From figure 32 it can
be observed that the momentum thickness of the acoustically

excitad configuration again grows at a slower rate comparz4d

to the simply manipulated boundary layer. Further downstream
at x=3.75 m (4745 from the LEBU) the momentum thickness of
the acoustically excited configuration falls below that for
tha othar configurations indicating net drag raduction.

The variation of the skin friction coefficient,cf, with
the axial distance from ths test surface leading edge 1is
shown in figure 33. All measurements were obtained at ths
test surface mid span aligned with the upstream s2nsor and
the acoustic wave port. The numerical values of the skin

friction coefficient were calculated according to the

go

:rf:imposedjbyithgxembédded thinaplate,;ihefacoustically excitad -
-;@g~eaéé.brnducesraggégeg.maméntum;1¢s§§at,this location. This

2 indicates-that ths:acoustic -pulss "do2s.not subtract kinatic -
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procedure described in section 2.3. -All least square curvé

fits again had a correlation cosfficient above 0.99. Tha LEBU
configuration and the acoustically excited flow were-gompared

- __.. - to_the_plain flow (hot film sznsor installed ). According to
the numerical valuss of the skin friction co=fficient,

acoustic excitation can enhance the LEBU's effect by reducing
_:cf,between .3.8 .and 6.0 percant with,respect to the LEBU
configuration. Comparison to the plain flow shows a reduction

" of the wall shear stress between 6.5 and 13 per cent. 1In

ihoeen-d ZRTssadditionssa 2:percent net drag_reduction=was measured -.at a.-

:3&&:;312;:Zrﬁis§anc23bf;545‘;frqmrthe LEBU?ﬁTﬁ?jﬁ“f“ff“’”ff’fj'j;;;;_;;;x:ifiT:"
JTo=is o e 2 U Although::the-data.ars:not:.as-impressivs as the pravious
fff-f'f%%‘jApptimizédtﬁonfiguration;”they do suggest that the mechanism
of enhanced large eddy cancallation is real. Anders [18], has
shown that wvariations of the manipulator microgeometry
exercises a strong influence upon the results so absolute
numbers are not extremely meaningful. The trands of the data
are, however, consistent with previous findings.

Space-time cross correlation functions (CCF) ware
obtained wusing the hot film =2ddy detector probe upstfeam of
the LEBU plate as a fixsd referencs location and another
probe at a distance of 4.05‘ boundary layer thicknassszs
downstream (figure 17). The height of the downstream s2nsor
was 0.945. Figure 34 shows representative space-tims cross
correlation functions for the plate manipulated and ths

acoustically excited boundary layers. When acoustic
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excitation is applied the downstream flow is again correlatzi
to the upstr2am point significantly less. The peaks of the
CCF correspond to eddy convection time from the upstream to
the downstr2am ssnsor. This indicates that acoustic
excitatioh enhances the destruction of the iarge eddies which
ara senséd at the upstrsam location. Thase measursments arz
in good agr2amant with similar results of configuration LEBU

#5. In addition m2asurements of ths low frzquency turbulence

85

spectrum, downstream of th2 plate manipulator showed that

tjifmi_acoustlc °xc1tation canc n=duc= th= BHS valu= of th° ax1al

By

TTerm TT szl :,Elgutatiyishowsttbe?vacxatlonvofwthe ratio o=
s - - )

with the spanwise distance from the test surface

MA;__V;;;V_ve1001fy fluttuatioa‘approximat=1y 2 percent

centarline,z, at a distance of x=1.76m from the LEBU.
According to previous measurements of momentum thickdess,@,
(figur2 31) the ratio Ts
axial station. In this location it was found that th=

was found smallar than unity at this

acoustic excitation persisted with a tendency to spread
spanwis2 at a half anglzs of about 1.2 degrees. Thz reduction
of the angle of acoustic influence whan compar=24d to LEBU #5
is attributed to the increased mixing process of the
turbulent boundary layer due to highsr free stream valocities
in which LEBU #5 was tested.

Proper acoustic excitation of a thin flat plats
oparating in a higher unit Reynolds numbar flow was again

found effectiv2 in enhancing the largs eddy break-up process.

L o - S b T A T e
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Figure 35. Spanwise variation of momentum thickness ,9,
for t e_?xcited and unexcited LEBU at unit
Re=1o m .



The processor operating parameters were set according to
higher free stream velocities. Th2 achievad skin friction
drag reduction, reduction of flow correlation across the

LEBU, resduction of the 1low fréquency turbulenca and the

moderate net drag reduction were consistent _with th2 results

obtained from LEBU#5, This reinforces ths initial concept

-that proper acoustic excitation of a plate boundary layer

manipulator can lead to enhancad largs eddy destruction.
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4. CONCLUSIONS AND RECOMMENDATIONS
4.1. CONCLUDING REMARKS

Large eddy structures in-a turbulent boundary layer can

be effectively manipulated by acoustic waves resulting in a

.net reduction 1in ‘skin, friction drag downstream of a

AT _;“;;maniﬁulating plate. The. vortex :unwinding at the LEBU's
trailing edge whenA the blade encounters a iarge ‘eddy is

bassisted by acoustic waves. These acoustic pulses muét be

_ﬂl,:ﬁgéijzs_phasee:lockedjgtditheieonﬁeetedteddies;Léffive at ~the LEBU . -~

i@gqﬁﬁﬁﬁe<Ftﬁtrar}rﬁge@edge:gfdgethérét;éndsmust;héve:tén_;adeQuate,rspund-i{v ":F»

el Iilsl . “pressure  level: in ~order - -to”-be -effective.. The -coherent
L= “r::titstructuref:was;:aésumedtto'be“related:to:the Reynolds stress
ST " 'production and the sublayer bursting “events. Thus, The
additional elimination of the large scale structure caused by
the acoustic waves improved fhe effectiveness of a single
plate manipulator. Skin friction drag reduction was achieved
for two different low Reynolds number LEBU configurations.
The skin friction coefficient ¢; was reduced as much as 18
percent at a distance of 50§ from the LEBU when the
acoustically excited plate configuration is compared to the
plain flow. In addition, a moderate net drag reduction was
achieved at about the same distance from the manipulator.
The application of the proper acoustic input made the
flow 1less correlated across the LEBU, and reduced the level

of the low frequency part of the turbulence spectrum of the
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f. 'r<manipulated boundary 1layer. In addition, flow visualization

of the acoustically excited boundary layzr showed the further

reduction in cohesrent motion. Th2 initial hypothesis, that a

S phaseﬂlackeduacoﬁstic—1nput to the flow can reduce th2
turbulence mixing and the wall skin friction was varified.

The effects of the écoustic_excitation_spread slowly in

roiizolo -~ tha . spanwisa diraction as the flow convezt2d downstream. This

was verified by carefully measuring the momsntum thicknessii

in th2 spanwisz dirzction downstfaam of the manipulator. Th2

;ﬁguxas'ué?;spﬁeadingbwas;veniftedjuith:uaﬁanity:cnnSs‘correlationmandWmWWQ_FWJ

?t::*ﬁﬁ?ﬁ?ffturbureﬁcefﬁintensftr*measutémenféﬁﬁThé:apouétic,éxditafiohtﬁﬁfﬁéff?;
5jf5if;7ifeffebtispteaas:atlalhalf angle -of -2 -degrees for ‘the most °
«irrls;i}ﬁﬂeffectiﬁe~configurationg Tha-sprzading angle was rsduced as

" - -Re -and turbulent mixing increased. It was assumed that

secondary flow vortices induced by thas acoustic pulsz are
convected into the turbulent boundary laysr and cancel somz
of the "weakened" larga eddies passing the plate manipulator.
An altarnative explanation for the spreading process can bz
based upon thz assumption that the large scale structure and
the sublayer bursting phenomana are intasrrelated and preserve
each other. The passing of a largzs eddy causss sidaways
eruptions of fluid. These bursting and swe=ping motions cause
the generation of the largs scale structure. The interruption
of this chain of 2vents by eliminating the large eddies at a

spanwises position would yield has a spreading effect upon th=

reduction of bursting events and further generation of large

C-o
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scales.

Th2 opesrating parameters of the processor devica which
controls the acoustic input could be set to an optimum in

m_Onder*to_accphnt for tha largs_ . eddy _convection velocity,

their particular freguency of appearance and the level of
the velocity fluctuation they represent. Th2 optimization of
~the processor operating parametzr was based upon the obsarvad
phenomenon of r=2duced correlation across the LEBU whan

acoustics is applied. For maximum large eddy canczllation

irzaez  xienz:the, reference- yoltage :must he-rcsat-zto:produce approximately . ..

e e O

-2 -~:si:-; numbsr of predicted large eddies parunit time. The procéss
oo omeran . =0freduced con;elation~isfyenysmuch;depénden{_uboh fhé\
T - setting ©of the refer=nce voltag2s and must be set within 15
millivolts from the optimum value for best results. The flow
is least corr2lated whan the time delay is set equal to the
large eddy convection time from the detector probe to the
LEBU trailing edg2. Also, the initial approximation of the
pressure perturbation required to influence tha flow
downstream of the LEBU was found clos2 enough to the'optimum
valus to achieve enhanced large eddy canc=2llation. The
optimum valuzs of the exp2rimental parameters were very close
to those initially projected. These results verify the
concept of increased drag reduction by acoustic excitation of

a boundary layer plate manipulator.

¢npes 7T thessames number: of -acoustic -pulses “per unit time --as tha>' - v



. ‘4.2, RECOMMENDATIONS FOR FURTHER INVESTIGATION

Acoustic excitation was proven effective in improving

the plate manipulator effect upon a turbulent boundary layer.

The basic concept of the large eddybeancellation by acoustic

- wavas should be studied in the cas2 of a manipulator plate in

inviscid flow. A LEBU devic2 should be posifioned in

—. ~-—- undisturbed flow so that it may encounter vortices
artificially generated upstream. Acoustic pulses must bs made

to arrive at the blade trailing edge together w1th thase

$ e e - the basic mechanlsn developed in this study.

Further measurements, beyond the_range of 506: are
recommended in order to establish the extent of the
persistence of the acoustic effect downstream of the .LEBU;
Extensive measurements of the axial and longitundinal
velocity fluctuating components u' and v' should be taken to
determine changas in the turbulence ensrgy production. The
production of skin friction drag is closely related to the
Reynolds stress component -pu'v'; this quantity should be
also examined comparing an acoustically excited LEBU
configuration to single and tanden plate manipulated
turbulent boundary layers.

Further investigation of the spreading tendzsncy of ths
acoustic effect upon the flow regime downstream of the LEBU

should be pursuad. Two hot film "scout" probes can bs

-vort;ces’,[31].:h;The -effect— of ~acoust1c waves-"upon the - -

7{ if;;-2e5U1thg flow fleld could be °xam1n d:to further ‘eStabllshui ”>'“
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installed upstream'of the plate and th2 acoustic pulsas can
be input from two different ports, located relatively close
to each other. Boundary layer traverses will show if both

zones of acoustic influence merger downstream of the LEBU.
A LEBU with two plates in tandemexposed -to acoustic
T= s:r=° waves = may - be also examined because this configuration has
been - found most promiéing without excitation. Tha boundary
layer upon a LEBU plate is laminar. Possible separation of
‘,-_;:gu;;:f;.the:;LEBU .houndanyh_laynr canﬂbe““g;evented by forcing it
,;5;;a;?;;?iurbulent‘¢w1th a.tnlp:wlr .at the thlnrplate leadlno edg= or

micng LTIty roughening its surface.~ Such a LEBUfnonflouratlon is-aiso.

;Z;A:;ﬂ;wi;WOPtthtUinng whan exposed to acoustic pulses.

S m= === —--osoo- Mostofthe: pravious experiments. with plate manipulators
wer2 carried out at a slightly higher speed than the pressent
investigation. An experimental setting at highar velocities
will regquire an acoustic pulszs of higher frequency and sound
pressure level, Improvements and radesign of the prassure
pulse mechanism must be undertaken. Such a configuration,
closer to real flow conditions, in conjunction with a
variable pressure gradient and airfoil type LEBUs should also

be studied.
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6.1. FLUCTUATING PRESSURE AT THE LEBU'S TRAILING

Based wupon the procedure suggested in reference [32],a
prediction of the fluctuating pressure at the LEBU's trailing
woni... edge” was.. obtainsd.” :This-permitted-the time averaged sound
.. prassure. level from O to 2000 Hertz of the acoustic waves

impinging wupon the flat plate to be set at a valus which
could influencs the flow. The study of referencs 32 examines

- . a flat pla@e in an inv1sc1dmf}ow. Th= resultlng equatlons are

e

“ffbased Aupon the~.solutlon«Aof-_the."cempletn Navisr Stoknsiwijj”

SR Equatlons using.- tbe ‘Theory. of Asymptotic Expan51ons.m5“”.,ﬁ

-

“ffi"_;The;ﬁondiméOSioﬁalfpepturbation’preSsure gradient at the

t

LEBU trailing edge was found as (fig. 7, reference 32):
P(TE)=-0.301 (5.1)

The above quantity is defined by:

P(TE)= 8%32;;3 . (5.2)
whare, DP 1s the fluctuating1pressure. The parameter e for
laminar flow is equal to Rézq}here, Rz, 1is the Reynolds
number based upon the LEBU's chord 1length. The constant
€ =0.33205 appears in the Blassius solution for a flat plate.
The flow density,p , was given a typical value of 1.25 Kg/m
and U, is the free stream velocity. Considering LEBU #5
mounted at a height h=0.80, U,was approximated as 10.5 m/s,
and ths paramster .%2 was 670,000 m at the LEBU's height.

The Reynolds number, Re., was found to bs 25,000 and



-z;fﬁfl?;-T:;pigger«the shedding of .a vortex.at the LEBU's trailing edge

- -y

P e N

c=-and-influende-largs eddy cancellation. -~ =

the boundary layer upon the LEBU was assum2d to b2 1lamninar.
The transition Reynolds number Re,, with a 3 per cent
turbulence intensity (typical at 'LEBU's height ) was
approximately 75,000.

After substituting the given quantities into (5.2), DP

- was- found--ejual-to 92.95-decibels.-Similar ecalculations for

the LEBU #5 resulted in a pressure perturbation of 104.3 dB.
A sound wave with such a low frequency ( O to 200 Hsrtz )

time averagad pressure level was considz2red adsjuats to
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6.2. PREDICTION OF TURBULENT BOUNDARY LAYER.
6.2.1. INPUT DATA FOR HEAD'S METHOD

IR Head's method [23] was utilized to pradict the growth of
characteristic 1lengths of a plain turbulent boundary layer.
Head's method requiress the following data as input:
e EEI LT ..-1.__The momentum -thickness ~at the beginning of the
pradicted flow regim2 (end of sandpaper trip).
2. Tﬁe initial shape parameter, H.

The #Free =itves--u3L:Tne-frée stream:valocity; Ho as-a function-of x.,— ==

e 1 R S e B e

2$¢ﬂ§15ﬁ~ttm#a;fl:fﬁThéffloy’RinematiciViscosity;vf?QSSumédfCGhétéﬁtTfor*
I . this casae. B R U SEE u,ﬂuiﬂii .7. . T
~== -~ - According - to —egquation (3.1)_the total drag coefficient Sp
at the end of the sandpaper trip is defined as:
Ox)
e (5.3)

The drag coefficient at the end of the sandpaper trip was

cplx)=2

empirically pradicted [1] by:

0.4 X\ (&
0554 e 03 Bex'\x ) __5
Ry [1 + S J (1 - ) (6.4)

In the above relation Rey is ths Reynolds numbar based

¢, (x)=

upon the sandpaper trip length x, K is thz average roughness

height of the sandpaper and A.is a parameter defined as
0.5

X=( jf(x)>

Tha2 skin friction coefficient Cy at the end of the

sandpaper trip was predicted by th2 empirical formula from
Wwhite [1].

c'(x)=(1.4+3.7-:—)-0'2 (6.5)
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The average sand-paper roughness height  was about 0.001

m, the sandpaper trip length was 0.24m, and the wind tunnsl

U -
flow velocity unit Reynolds number 1fL was 700,000 o', Proper

‘manipulation ‘of the above formulas can provide a prediction
of the momentum thicknass at the end of th= sandpapar trip.
—— 2. The _initial .or starting valuss of H in Head's method ar2

————————-—=Telatively-unimportant-except-for-the first few points of the

calculation. A shape parameter for a flat plate flow H=1.375
was assumed by averaging measured valuss of H along the flat

~***p}ate73Thé'iree*stream‘ve}dcfty*was‘consideredzto*be“11f‘m/sf“4:““*4‘“*

4¥2-% 2 The 'growth 'of -the momentum ‘thickness,§: " predicted By Head's = &+

oo . method: for “a -plain- flow configuratiom is compaced with

= - =+ - measuraed f's in figure 3.
6.2.2, VELOCITY PROFILE OF A TURBULENT BOUNDARY LAYER

The logarithmic and the outer region of a plain
turbulent boundary layer were pradicted using a modified
Coles velocity profila [33]. The velocity u at a boundary
layer height y is thus given by: A

b= L ) (1.0 T 1ss, (5.6)
where, u; 1is the wall skin friction velocity, 1T is the wakez
parameter and %(3¥—) is the well known waks function. The
logarithmic velocity law constants k and B were assumed egual
to 0.41 and 5.0 respectively. The wake function WG%—) [34] is

defined as:

w()=39(3) 125 183 L) 133 L33 (6.7)
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which also "can be approximated with the sine function
proposed by Coles [1]:
Y v 2,y ~

T T Thé mdre  complicated relation (6.7) was used ~ becausz it
gave bettesr agrzem2nt with the measurements.
. - At .the wall thz rz2lation (5.7) yields w{0)=0.0,and at
- i a-—-—-the —edge--of the-boundary_-layer. {y=3);-w(1.0)=2.0. Relation e

(56.6) then yields:

Uo 1 S‘ U, '

_Ut_=T(1n( —1)+ 1T 2.)+8 (6.9)
nmommistisSubtracting-eqdation-(636) from (5:9) one can gets e
B T Rl |l TOCSk It DT o A S JR S T RIS 28 PE ~wt R ESeme DR
et ,L_ :QTJ_t___ - {1,,(3,) (B“”_) (13 ‘-F-JJT(Z. vg(z(—))] (6.40) " ,;

S .....Tha.. waks_parameter.. for_an.equilibriunm fboﬁndéryi'layéf'” o

-~ premains constant ; for a flat plates measurements suggestT(=055

[1]. The wall skin friction velocity u, was determined from

the definition rearranged as:

c, 0.5 -
up =Uo (5*) (5.11)
The local skin friction coefficient was predicted by Coles
formula [1]:

-1.33H

03 e
Cq=— (56.12)
f 1. O31H .
(|OQReg) 7a+

The boundary layer velocity profile predicted by using thes2

relations in -equation (6.10) is coapared with a measurad

plain flow profile in figurs 11.
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T 6.2.3. BOUNDARY LAYER VELOCITY PROFILE FOR A LEBU
CONFIGURATION

The velocity, U g at a height vy of the LEBU
manipulated turbulent boundary layer was predicted as:

uLE=uPL.quw ’ T (5.13)

) : _where,.uPL

and duy is the velocity defect caused by ths LEBU plate wake.

is the velocity prasdicted for a plain configuration

For 1inviscid free stream flow and a two dimensional wake, du,,

B ladt™?

- is.estlmated by the relation [?]

- - PEERC SR 2 e R F T MU S0 U S RS

(6 14)

f§%¥}ff:~tf%'? duw_dumax[1.f Yy ) ] '.iz-

el -
A . el

G L-' P A P

SRR whare QU ycis the max1mum~velocity~de£e~t at the wake S, axls,:’AM

. of ,,;sy.mme,try,‘ﬁ(x ) 'is the wake semi-width and y, is th= .

_;IOngitundinal— distance - from- the-wake's axis of symmatry.
According to pravious studies [35] for a similar two-
dimensional wake the quantities,B and dup,,,at a distancs x

from the plate trailing edge, are defined as follows:
X Q.5
A X (5.15)
6(0) 6(0)

and

d -0.5
Smax Xy (5.16)

U o
where 6; 1:(ihe boundary layer velocity at the LEBU height
(free steam velocity) and E?(O) is the momentum thickness at
LEBU trailing edge. The quantity @(O) was considered as
being twicz the momentum thickness of the laminar boundary
layer grown upon the LEBU. The Blassius solution [2] for a

flat plate with a laminar boundary layer suggasts

0.5
B(c)=0.664 (1Ui . (5.17)

0
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- In the -above rzlation c represents the LEBU chord length, aad

' (at the LEBU's height).

the parameter g° was 670,000 m”
- -The logarithmic‘velocity law constant k was assumed to retain
ths value of 0.41 [36], and the wall skin friction velocity
was calculated f;pm"(5,10). The skin friction coefficient
resultad - from previous measurements (section 2.3). A
-z 1w —r=theoretically - predicted -velocity profile for LEBU #2 is

compared with a measured profile on figure 13.

Rt e WL o B A 8 G A

o i Eio v i06.24 43 DETERMENATION. OF—Cq~iPROM -VELOCITY -PROFILE - ——— e

—ieiieinili.. - The' following method of calculating o is a variation of .
Aé?_ﬁw-n_mﬁthe procedure--suggested by Bradshaw {247.. In the logarithamic
. = =~ - -Tegion of a boundary layer, the velocity u at a distance y
from the wall is given by:
u 4 yu . '
-T=—k_ 'n(-'v—'t)‘f'B, (6‘18)
where u; is the wall friction velocity,v is the kinematic
viscosity and k and B are constants equal to 0.41 and 5.0
respectively. For a flat plate ths logarithmic rzgion
extends approximately over 35<3§ﬁ<350. So, for
—f;—-”‘=2oo (6.19)
relation (6.18) is valid and yields
u .
—=17.923. (6.20)
Ut
Th2 skin friction coefficient is given by:
e _(U1)° (5.21)
2 tug )

where U, is thz fre2e stream valocity. Only one point (y,u) on

th2 logarithmic region of a measured boundary layer satisfizs
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all the above relations. Determining this point can providzs a
value for °f at a certain axial location. After traversing

~across a boundary layer various values of u are substitutad

o - intorelation(6.20): The Tresulting u and corresponding y
are used to detarminz th2 point on ths logarithmic region

Yu

which gives ———L closest to 200. This regquires a local least

JLTZITE =5 ==-square fittlng of the form ’ - . - -
u=ay® (6.22)
which is applied for measured values of u and y in thsz

*3:;glg;ﬂtty?of*thisﬂbéiht:éwhusiféathbudh”fhs”praclsa poiat T T

*étifff;*ff?ﬁhSEa’y =200: may not hava been ‘measurad,: the correspondlnv T
1f§;;¥fjj and y fory L. 700 can b=-approx1nated vary ac urat ly.;-r-
T T ;f;:ManlpulatLon:af;tpese formulas yieslds:

- e y43§8:5u )1+b (5.23)

The resulting value of y and u satisfies the relation (6.20)

and can bz used to detzrmine cg; from (5.21).

Example calculation:

Measured quantities at x=2.75 m, 2=0.0 m.

U° 700,805 m" ) wv=1.514 107° , Up=11.311 w/s
y{m] ulm/s] ut[m/s] }"l;lt
0.005 7.528 0.420 130.1
0.006 7.700 0.430 159.708
0.003 8.033 0.448 222.376

Least squarz curve fitting of the measured values of u at a

distance 0.004 to 0.016 m from the wall rasults in

u=0.007255y 01556 with corr2lation coz2fficient equal t»>
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0.998. Then substituting into the proper relations one can
gat: y=0.007255 m, u=7.961056m/s, ut=0.4442m/s, and
c;=0.003084. Thes value of ¢4 is the desired result.

TN TR RTT
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<. 2= 6.3 Pressure-Puls2 Controling Device
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